Summary.
The structural organization of the epidural lymphatics and lymphatic drainage of the cerebrospinal fluid from spinal meninges was studied in Japanese monkeys (Macaca fuscata) by an enzyme-histochemical method. The spinal meninges were examined at various intervals from 1 to 48h, as well as at 30 days, following an injection of ultrafine carbon particles into the subarachnoidal space (cisterna magna). Lymphatics were differentiated from blood capillaries by the 5'-nucleotidase (5'-Nase)-alkaline phosphatase (ALPase) double staining method (KATO et al. 1991 (KATO et al. , 1993 both in the whole-mount preparations and tissue sections. Carbon-filled collecting lymphatics and lymph nodes constantly appeared in the cervical and thoracic regions but only rarely in the lumbo-sacral region after carbon injection.
Networks of 5'-Nase-positive lymphatics in the epidural connective tissues were seen in a large area on the dorsal surface around each spinal nerve root in the cervical and upper thoracic regions, especially at a level corresponding to the brachial plexus (C5-Thl). Carbon particles were often found within the 5'-Nase-positive lymphatics.
In the lower thoracic and Jumbo-sacral regions, on the other hand, the epidural lymphatic network covered only a small area around each spinal nerve root. These findings suggest that the epidural Lymphatics are well developed on the dorsal side of the lower cervical spinal dura mater and may function as an absorptive pathway for the cerebrospinal fluid from the subarachnoidal space.
Over 120 years have passed since SCHWALBE (1869) and KEY and RETZIUS (1875) demonstrated the lymphatic drainage in the nasal mucosa after an injection of contrast media from the cranial subarachnoidal space. KIHARA and his coworkers made extensive studies on the anatomy and histophysiology of the lymphatic system draining the cerebrospinal fluid (CSF) in both cranial and spinal regions of humans (fetuses and infants), cats and dogs (SAKAIDA, 1950; KIHARA, 1956; FUKUDA-GOHARA, 1967) . Recently a few investigators have reported the existence of a subarachnoid-lymphatic connection (MAGARI, 1983a, b; CSERR and KNOPF, 1992; KIDA et al., 1993) . It is well documented that the CSF can be absorbed directly into both the dural venous sinus through the choroid plexus as well as to the epidural lymphatic system (ELS) through the cerebrospinal nerves. Though the possible passageways of the CSF via lymphatics and the morphological characteristics of the ELS remain sketchy, there must be some structural bases which permit the CSF to pass across the spinal meninges to enter the lymphatic drainage system. Absorptive routes for the CSF from the subarachnoidal space have been examined in the ELS around the cranial and spinal nerve roots of the rabbit (HAYASHI, 1943; BRIERLEY and FIELD, 1948) , rat (HARUHARA, 1966; KIDA et al., 1993 ), dog (IWANOW, 1929 POTTS et al., 1972) and cat (YOFFEY and DRINKER, 1939; BOWSHER, 1957) . Detailed knowledge of the subarachnoidlymphatic relationship is important for a proper understanding of the microcirculation of the CSF in the spinal meninges. In this context, the purpose of the present study is to examine the fine distribution of the epidural lymphatics in the monkey spinal dura mater, with special reference to the lymphatic drain age of ultrafine carbon particles injected into cerebellomedullary cisterna.
MATERIALS AND METHODS
Twenty-seven Japanese monkeys (Macaca fuscata) of both sexes, weighing 2-8kg, were used. They were kept under standard laboratory conditions, and all 277 experiments were carried out according to the Guidelines for Animal Experimentation, Oita Medical University. All the monkeys were deeply anesthetized with sodium pentobarbital (25mg/kg).
Carbon injection and dissection
In twelve monkeys under deep anaesthesia, sterile ultrafine carbon particles (Mitsubishi, CH 40, 21nm in diameter, 1.0-2.5ml, HAGIWARA et al., 1984) were injected into the subarachnoidal space through a 24 G needle placed into the cerebellomedullary cisterna (cisterna magna). In eight monkeys there was no drainage of the CSF from the subarachnoidal space before injection (high injection pressure condition group). In four monkeys there was an adequate drainage of 2ml of the CSF before the injection of 2 ml solution (normal physiological pressure condition group). The animals recovered from operation in about 2h and showed no disturbances whatever. (It is advisable that the animals return to full activity as soon as possibe after surgery, so that a normal level of the CSF pressure may be restored.) Several tissues of the monkey were excised at various intervals from 1 to 48h (1, 3, 6, 12, 24 and 48h), after carbon particle injection. The same was done also 30 days after the injection. All the monkeys were euthanized by exsanguination under deep anaesthesia.
The tissues of seven monkeys among the twelve injected with carbon particles were fixed in 10% formalin and immersed in 40% alcohol for at least 4 weeks for macroscopic observation.
The distribution of carboncontaining lymphatics and lymph nodes was carefully examined under a dissecting microscope (Olympus OME-JN).
Tissue preparation
The spinal meninges (cervical, thoracic and lumbosacral regions) from five injected and fifteen uninjected monkeys were excised in their full length after dorsal laminectomy. For whole-mount preparations, each spinal meninge removed was cut sagittally on the dorsal side. The tissues were streched and pinned on a plastic plate with the dural side up, and immersed in 0.1M cacodylate buffer (pH 7.2) containing 7% sucrose for 1 h at 4C. In addition, several pieces of unfixed tissues were embedded in OCT-compound (Miles, Diagnostic Division, Elkhart, IN, USA), to be cut into 10um-thick sections with a cryostat.
Enzyme histocheinistry
The tissue preparations were stained with 5'-Nase staining or 5'-Nase-ALPase double staining as follows (KATO et al., 1991 (KATO et al., , 1993 . The specimens were washed with 0.1M cacodylate buffer (pH 7.2) containing 7% sucrose and incubated in the standard medium (WACHSTEIN and MEISEL, 1957) for 5'-Nase activity for 45min at 37C with 5'-adenosine monophosphate (Sigma Chemical, St. Louis, MO, USA) as the substrate and lead nitrate (TAAB Laboratories Equipments, Berkshire, England) as the capture agent. Two mM L-tetramisole (Sigma) as an inhibitor of nonspecific ALPase was added to the standard medium to obtain the specific reaction product for 5'-Nase activity. For 5'-Nase-ALPase double stain- ing, the specimens were then treated for 30min at 4C with the reaction medium for ALPase activity according to the azo-dye method with naphthol AS-MX phosphate (disodium salt) (Sigma) as the substrate and Fast blue BB (Sigma) as the coloring agent. The specimens were examined with a dissecting microscope (Stemi SV II) (Zeiss, Oberkochen, Germany) and a light microscope (Olympus BH-2, Tokyo, Japan), comparing topographical differences in the fine distribution of both the lymphatics and blood vessels in the spinal meninges in the cervical, thoracic and lumbo-sacral regions. 
RESULTS

Injection study
In the high injection pressure condition without drainage of the CSF from the subarachnoidal space, the injected material appeared at early stages (1-6h) after carbon injection in the lymphatics and lymph nodes near the vertebral column in the cervical and thoracic regions. Twenty-four hours after the injection, both the lymphatics and the lymph nodes along the internal jugular vein in the cervical region were completely blackened due to the absorption of carbon particles (Fig. 1) . The absorptive routes of the lymph drainage with carbon particles from the epidural space to the prevertebral lymphatic system were detected in all high injection pressure condition cases. In some cases, lymph nodes filled with carbon particles were located in the deep cervical and prevertebral regions (Figs. 1, 2a, b) . Two routes of lymph drainage were recognized: some lymphatic vessels running along the cervical spinal nerves and others draining lymph fluid via the naso-pharangeal area. Slender lymphatics running along the cervical nerves toward the carbon-filled lymph nodes contained numerous carbon particles (Fig. 1, asterisk) . The blackened collecting lymphatics, which were connected with slender lymphatics in the epidural connective tissue of the cervical spinal meninges in the vicinity of the intervertebral foramina, drained into the superior and inferior deep cervical lymph nodes in the neck. On the right side of the thoracic cavity, efferent lymphatic vessels extending from carbonfilled lymph nodes ran towards the right lymphatic trunk, 1-2cm inside the sympathetic trunks (Fig. 2a) . A distinct thoracic duct with valves containing carbon particles could also be seen on the left side of the thoracic cavity 12h after carbon injection (Fig. 2b) . Thus, those lymphatic vessels issuing from fatty connective tissue (fat pad in Fig. 8 ) near the intervertebral space ultimately entered the right and left venous angles via lymphatic trunks on each side.
The accumulation of carbon particles in the subarachnoidal space of the spinal meninges near the spinal nerve roots appeared to be a so-called "ink cuff" in the rabbit (BRIERLEY and FIELD, 1948) (Fig. 3) . At 30 days after injection, none of the lymphatics nor the lymph nodes were filled with carbon particles in any regions; and the carbon particles injected into the cisterna magna could no longer be found in the CSF in the subarachnoidal space. On the other hand, in the normal CSF pressure condition with drainage of the CSF, nither the lymphatics nor lymph nodes were blackened even at 48 h after injection. In the Jumbo-sacral region, no lymph nodes could be observed filled with carbon particles in either CSF pressure conditions during the injection experiment.
Light microscopy
The enzyme-histochemical staining for 5'-Nase activity demonstrated an intense lead-sulfide reaction product colored a dark brown in the lymphatic walls on both the whole-mount preparations and tissue sections of the spinal meninges. Epidural 5'-Nasepositive lymphatic networks were more frequently seen on the dorsal side than on the ventral side of the dura mater. The 5'-Nase-positive lymphatic networks were more densely distributed in the lower cervical and upper thoracic regions than in the lower thoracic and lumbo-sacral regions of the spinal segment (Fig.  4) . These epidural lymphatic networks in the cervical region were developed over large areas around the cervical nerve roots at the dorsal portion and corresponded strikingly with the origin of the spinal nerve roots of the brachial plexus (C5-Thl). In the thoracic and lumbo-sacral regions, however, at most only a few initial lymphatics originated from each spinal nerve root. Figure 6 shows the incidence of the epdural lymphatics found on each side per individual spinal segment and their distribution patterns on both sides. They were not evenly distributed at different spinal segmental levels. The lymphatic network was significantly reduced in number and limited to a narrow area in the lower spinal segment. The initial portions (60-100um in diameter) of the 5'-Nase-positive lymphatics appeared tubulo-sacclar in shape, branching like an antler in the epidural connective tissue of the cervical spinal dura mater (Figs. 4, 5) . The apical part of the lymphatics revealed knob-like blind endings. The reaction product for ALPase activity was roughly limited to the blood capillaries and arterioles, sharply contrasting with the 5'-Nase-positive lymphatics (Fig. 5) .
Cross sections of the spinal nerve roots (C7) of an animal 12h after carbon injection in the high CSF pressure condition were prepared to trace the carbon particles in the 5'-Nase-positive lymphatics. Lymphatics positive for 5'-Nase-staining and containing carbon particles within their lumen were often found in the epidural connective tissue along the spinal nerve roots (Fig. 7) . The present study has shown that carbon particles injected into the cerebrospinal fluid in the monkey subarachnoidal space drain selectively into the deep cervical and prevertebral lymph nodes via epidural lymphatics which directly originate in the spinal meninges. Previously, BRIERLEY and FIELD (1948) observed some so-called "ink-cuffs" which appeared around the spinal nerve roots in the cervical and lumbo-sacral regions after an injection of Indian ink into the cranial subarachnoidal space of the rabbit. Such a phenomenon resulting from accumulations of ink particles into the subarachnoidal space surrounding each nerve root is regarded as being closely correlated with the CSF draining via the epidural lymphatic system. In their study, marked aggregations of ink particles were also regularly found in the olfactory nerve and its arachnoidal sheaths which had passed through the cribrif orm plate. Accordingly, it has generally been considered that an "ink-cuff" in the spinal nerve roots might indicate lympahtic drainage of the CSF.
In the present study, the accumulation of carbon particles was seen in the spinal meninges within the lumen of 5'-Nase-positive lymphatics near the monkey spinal nerve roots 12h after carbon injection. However, the injected particles were not so markedly aggregated in the monkey nasal mucosa as shown in the rabbit (HAYASHI, 1943; BRIERLEY and FIELD, 1948) . There, black lymph nodes were seen in the cervical regions and in the posterior mediastinum, accompanying the accumulation of carbon containing lymphatics. In their injection experiments using small animals, HAYASHI (1943) and HARUHARA (1966) reported that the carbon-filled lymph nodes were clealy located in the lumbo-sacral regions such as the lateral aortic and sacral lymph nodes. However, such carbon-filled lymph nodes could not be found in the same regions in our injection experiments for the same period, although it may possibly require a lon ger time (more than 30 days) for CSF to be lymphatically drained in the lumbo-sacral regions of the monkey. The lymphatic channels used for the removal of the carbon particles from the subarachnoidal space under excessive injection pressure might differ from those normally used for the absorption of CSF itself. The volume of the fluid which escapes the subarachnoidal space via the lymphatic channels probably depends upon several factors. The pressure of CSF can be influenced in a number of ways: by the depth and duration of anaesthesia, and variations in respiration and blood pressure. In their perfusion studies of the dog with some contrast media, POTTS et al. (1972) suggested that CSF leaks from the subarachnoidal space into the nasopharynx area along the olfactory nerve sheath when the intracranial pressure is increased. On the other hand, ASANO et al. (1980) also suggested that the rate of the CSF absorption is pressure-dependent, based on their studies performed under different CSF pressure conditions. Carbon particles were not recognized in the spinal nerve sheath or on the surface of the prevertebral lymph nodes 1-12h after injection under the normal CSF pressure condition. With high CSF pressure, however, carbon particles were seen in the subdural space and the spinal nerve sheath near the intervertebral foramina. It is generally assumed that there is a linear-relationship between the rate of the CSF absorption and the cerebrospinal fluid pressure (WEED, 1914; CUTLER et al., 1968; KATZMAN and HUSSEY, 1970) . Our experiments also indicate that the absorption of carbon particles directly depends on the CSF pressure. Carbon particles passed from the spinal subarachnoidal space to the initial portion of epidural lymphatics lying on the spinal dura which were drained into the deep cervical and main prevertebral lymphatic system.
Distribution and possible functions of the epidural lymphatics
This study is the first to demonstrate histochemically images of the precise distribution of the lymphatics in the monkey spinal dura mater using whole-mount preparations and tissue sections, thereby showing the existence of the epidural lymphatics by light microscopy. In particular, the epidural lymphatic network at various spinal levels revealed different appearences in structural organization. The accessory absorptive pathways for lymphatic drainage of the CSF is summarized as shematically drawn in Figure 8 . The initial portions of the epidural lymphatics which originated in the spinal meninges were not evenly distributed in the cervical region. The location of the epidural lymphatic network seems to correspond to the existence of the brachial plexus roots (C5-Thl). The present results thus suggest that the initial epidural lymphatics in the cervical region play an important role in the absorption of the CSF from the subarachnoidal space and in the regulation of the CSF pressure.
With regard to the characteristic distribution patterns of the epidural lymphatics in the present study, we infer the following. Well-developed lymphatic networks in the cervical region are closely correlated with the establishment of the bipedial standing postures in primates and humans; that is, the CSF pressure in the upper spinal subarachnoidal space is more stabilized as compared with that of the lower spinal subarachnoidal space in a standing position. In the regulation of the CSF using the lymphatic pathways, it is important that the epidural lymphatics are well developed in the upper spinal region. This may be why such distributive features of the epidural lymphatics prevent excessive absorption of the CSF in the lower spinal region. With regard to the distribution area of rich lymphatic networks, the extent of the CSF absorption in this area may be closely related to the dynamic movement of the upper arm.
As is well known, on the other hand, a well developed venous plexus, i. e., vertebral venous plexus, lies more dorsally in the cervical epidural space. Besides playing their general role in the regulation of CSF pressure, the epidural lymphatics may presumably be involved in the absorption of fluid coming from these venous plexuses to the dorsal surface of the epidural space.
